Abstract. In this study, in vitro induction of tetraploid Lychnis senno Siebold et Zucc. and its cytological and morphological characterization were conducted. For polyploid induction, nodal segments with axillary buds from in vitro grown plants were kept for 3 days in MS (Murashige and Skoog, 1962) liquid or solid media added with a series of concentrations of colchicine. Out of total 588 recovered plants, 15 tetraploids and 6 mixoploids determined by fl ow cytometry analysis were obtained. The tetraploid contained 48 chromosomes, twice the normal diploid number of 24, as observed under light microscope. The tetraploid plants exhibited much larger but less stomata than diploid plants. Moreover, signifi cant differences in stem height and leaf size between the diploid and tetraploid plants were noted. The tetraploid plants were more compact than diploids.
cell division is arrested, polyploid cells are created. The in vitro induction of polyploids with colchicines has been reported in many plant species (Blakesley et al., 2002; Kadota and Niimi, 2002) , and in vitro approach can generate more polyploids with higher efficiency than in vivo treatments (Takamura and Miyajima, 1996) .
The purpose of the present study was to improve the ornamental qualities of L. senno by means of in vitro polyploidization. The cytological and morphological characteristics of polyploids were further studied compared with the diploids.
Material and Methods
Plant materials. The shoots of L. senno Siebold et Zucc. grown on MS medium supplemented with 2.22 µM BA and 0.27 µM NAA were used as the materials in this study. Nodal segments with axillary buds from these shoots were collected and pre-cultured on MS medium supplemented with 2.22 µM BA and 0.27 µM NAA for a week, and then were subjected to colchicine treatment either in MS liquid or solid media. 36 nodal segments were treated for each colchicines treatment. All the media used in the present study contained 0.8% agar and 3% sucrose except that the liquid one contained no agar.
Colchicine treatment in liquid medium. The nodal segments precultured for a week were transferred to the liquid MS medium with 3% sucrose comprised of different concentrations of colchicine (0, 0.25, 0.5, 0.75, 1.00, and 1.25 µM) . The shoot segment cultures were kept on a shaker constantly shaking at 150 rpm at 28 °C in the dark for 3 d.
Colchicine treatment in solid medium. The nodal segments obtained as previously described were transferred onto solid medium containing different concentrations of colchicine (0, 0.25, 0.5, 0.75, 1.00, and 1.25 µM). They were kept in the dark at 28 °C for 3 d.
Rooting of the regenerants. After colchicine treatment, the explants were all transferred to solid MS medium containing 2.22 µM BA and 0.27 µM NAA for shoot induction with white fl uorescent lights (84 µmol·m -2 ·s -1
) under 16 h light and 8 h dark photoperiod at 25 °C. The generated microshoots were then transferred onto a rooting medium (MS with 2.68 µM NAA) for rooting.
Flow cytometry analysis. A modifi ed procedure of fl ow cytometry analysis, based on the method of Otto and Dolezel (Otto, 1990; Dolezel and Göhde, 1995) , was employed to analyze DNA relative contents in the regenerants. A fully expanded leaf piece (about 20 mg) from each regenerant was chopped with a sharp scalpel in 1 mL of ice-cold Otto I buffer in a plastic petri dish for nucleus extraction. After fi ltered through 30 µm nylon mesh, the crude nucleus solution was centrifuged at 2000 rpm for 5 min at 4 °C. The supernatant was removed except 100 µL of the liquid above the pellet. The pellet was resuspended by gentle shaking and then 100 µL of fresh Otto I buffer was added. After 5 min incubation at room temperature, 500 µL of Otto II buffer and 200 µL PI (propidium iodide + RNase) staining solution were added and the mixture was gently mixed. DNA content measurement was performed 5 min later with the FACS Calibur system equipped with the program of Cell Quest Pro. For each sample, at least 8000 to 10000 nuclei were analyzed. The relative nuclei DNA contents were presented on semilogarithmic scale histograms. The peak height denoted the relative number of nuclei at each ploidy level. ModFit LT software was used to analyze the data.
Chromosome observation. Root tips were excised from plantlets that were previously analyzed by fl ow cytometry. The collected root tips were pretreated with 2 mM 8-hydroxyquinoline for 3 h at 22 °C, and fi xed with Carnoy's solution for 24 h. Then they were rinsed with distilled water, hydrolyzed for 8 min at 60 °C in 1 N HCl, squashed under glass cover and stained with acetum magenta. The chromosome number of each sample was microscopically examined.
Stomata observation. The fully expanded leaves were excised from the diploid (as control), mixoploid (chimera) and tetraploid plants grown in a greenhouse. A few strips of epidermis were torn off, and then mounted on a microscope slide with a drop of distilled water and a cover slip to observe stomata frequency and size (Sari et al., 1999) .
Statistical analysis. Experimental data were subjected to one or two-way analysis of variance (ANOVA). Fisher's LSD test was applied for means comparison. In both cases a difference was considered statistically significant, only P < 0.05 and signifi cant differences were denoted in tables by different letters. The treatments were arranged in a completely randomized design with three replicates per treatment.
Results

Induction of polyploids. The nodal segments
Lychnis senno Siebold et Zucc., belonging to the family of Caryophyllaceae, is an indigenous plant species to China. Its fl owers are characteristic bright crimson. However, because of its specifi c habitat requirement and low productivity, it has a limited commercial use. Our previous work showed that L. senno can be conserved genetically and propagated by tissue culture, and the botanical characteristics of this species could be modifi ed through tissue culture (Chen et al., 2006) . The plants obtained from in vitro culture are shorter in height and produce more fl owers, in a range of 15 to 20 per plant, compared with the wild plant. Their fl owering duration can be extended from June to November. Thus, the plants with such modifi ed traits are considered to be of great ornamental value. However, they have the defects for potted or landscape utilization because of their thin and long stems.
It has been reported that polyploid horticultural crops possess favorable characteristics such as much larger and heavily textured fl owers, more compact growth habit (Eeckhaut et al., 2004) , sturdiness and high productivity compared with diploid plants (Sanford, 1983) . Triploid L. senno has been found in Japan. It is sterile and considered to be derived from dipolod L. senno (Godo et al., 2004) . To date, there is no tetraploid L. senno available, which may have a great potential for genetic breeding and practical use of L. senno.
Induction of polyploidy in plants has been traditionally accomplished by use of colchicine. Colchicine is known to inhibit the formation of spindle fi bers, and effectively arrests mitosis at the anaphase stage (Hancock, 1997) . Since chromosome have already multiplied but The peak of tetraploid was on channel about 200 (Fig.1b) . However, in Fig 1c, the mosaic clearly showed two peaks on the channel 100 and 200, indicating the presence of mixoploids resulted from colchicine treatments. The channels in these histograms were related to DNA contents in plant nuclei.
Chromosome verifi cation. Chromosome numbers of the root tips were observed under a microscope to confi rm the fl ow cytometry results. It showed that the tetraploid contained 48 chromosomes (Fig. 2b) , twice the normal diploid number of 24 (Fig. 2a) .
Stomatal observation. Stomatal density and sizes of diploid, mixoploid, and tetraploid plants were observed. The results showed that there was a remarkable difference in stomatal density (F = 20.7362, P = 4.81E-05) among these plants. Diploid plants had more stomata (9.8/view) than polyploids (mixoploid 7.5, tetraploid 4.8). Compared with the diploids, tetraploids had bigger stomatal areas (Fig. 3) .
Plant phenotypes. Phenotypes of all the plants grown in greenhouse for 5 weeks were studied (Table 2) . Signifi cant differences in plant height (F = 3.5747, P = 0.0493) and leaf length (F = 8.5230, P = 0.0027) were found among the plants. The polyploids were shorter than the diploids (Fig. 4a and b) . The leaves of the tetraploids were shorter and wider than those of diploids ( Fig. 4c and d) . Furthermore, the fl ower diameter of tetraploid was 1.0 cm larger than that of diploid with similar fl ower structure and contorted staminal fi laments ( Fig.4e and f) .
Discussion
A high frequency of mixoploid occurrence is often associated with colchicine (Ackerman and Derman, 1972; Schifi no and Fernandes, 1987) . Because this alkaloid works effectively only upon dividing cells, thus the polyploidization generally does not equally occur in all explant cells, leading to the occurrence of mixoploids and chimeras (Wan et al., 1989) . For instance, only mixploids were induced after colchicines treatment in Pyrus species. The tetraploid shoots were obtained by selection from vegetatively propagating axillary shoots of the mixoploid individuals which have mixed diploid and tetraploid cells. Petersen et al. (2002) reported that colchicines treatment of in vitro shoots only resulted in few tetraploids and a relative high percentage of ploidy chimeras. However, in the present study, both of the mixoplpid and tetraploid shoots were induced with high frequency tetraploid and low mixoploid after colchicine treatment. Therefore, the approach of colchicine is genotype dependent. Nodal segments were considered to be suitable explant for tetraploid induction by colchicine treatment in L. senno.
Stomatal length is an effective indicator for polyploid plant screening because of the simplicity and convenience of stomatal observation (Kadota and Niimi, 2002; Tan and Dunn, 1973; Thomas et al., 2000) before fl ow cytometric and chromosome analysis. Means (in the same column) followed by the same letter did not have signifi cant difference by Fisher's protected LSD at P = 0.05. The treatments were designed with three replications per treatment and 12 shoots were used per replication. of L. senno were incubated with different concentrations of colchicine in MS liquid and solid media for in vitro polyploidy induction. As a result, 15 tetraploids and 6 mixoploids were obtained out of 588 regenerant plants.
The effects of medium types as well as different concentrations of colchicine on polyploidy induction were investigated. No signifi cant difference in explant survival rate (F = 2.38E-06, P = 0.9988), or occurrence frequencies of mixoploids (F = 6.61E-08, P = 0.9998) and tetraploids (F = 1.06E-06, P = 0.9992) was found between two different type media (ANOVA, P < 0.05), whereas different colchicine concentrations exhibited signifi cant effects on explant survival rate (F = 21.3120, P = 2.0782E-08) and occurrence frequencies of mixoploids (F = 21.4262, P = 1.95E-08) and tetraploids (F = 21.4198, P = 1.95E-08). Along with increasing colchicine concentrations the survival rate decreased but the induction rate of polyploids increased. Table 1 showed that 1.00 µM colchicine solution in liquid medium induced a higher percentage of polyploid plants than the other concentrations. Flow cytometry analysis. Plant polyploidy was fi rst analyzed by fl ow cytometry, which has been widely used for measuring DNA content in plant cells or nuclei. The results showed that the peak of diploid was approximately on channel 100 (Fig.1a) .
However, there are no reports on stomatal difference between mixoploid and tetraploid. Our results showed that stomata size and density of mixoploid were intermediate to the diploid and tetraploid. Therefore, it is not reliable to select putative tetraploids simply based on stomatal length if mixoploids exist in the population for selection.
The present study indicated that in vitro induction of tetraploids in L. senno could be achieved using colchicine. Lychnis senno tetraploids display quite different phenotypes from the diploids. Compared with the diploids, the tetraploid plants have signifi cantly shorter and thicker shoots as well as larger fl owers, which are surely desirable attributes for the potted and garden plants. Moreover, the polyploid plants obtained in this study may be invaluable in many future breeding programs. Means (in the same column) followed by the same letter did not have signifi cant difference by Fisher's protected LSD at P = 0.05.
